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We report observation of intrinsic inverse spin Hall effect in undoped GaAs multiple quantum wells
with a sample temperature of 10 K. A transient ballistic pure spin current is injected by a pair of
laser pulses through quantum interference. By time-resolving the dynamics of the pure spin current,
the momentum relaxation time is deduced, which sets the lower limit of the scattering time between
electrons and holes. The transverse charge current generated by the pure spin current via the inverse
spin Hall effect is simultaneously resolved. We find that the charge current is generated well before
the first electron-hole scattering event. Generation of the transverse current in the scattering-free
ballistic transport regime provides unambiguous evidence for the intrinsic inverse spin Hall effect.
The spin Hall effect was originally predicted in 1971,[1]
and was revisited more recently in a number of theo-
retical works.[2–5] In this effect, a charge current pro-
duces a transverse pure spin current due to the spin-
orbit coupling. This effect provides an electrical method
to generate spin currents, which is a fundamental tool
for spintronics. The first experimental observations[6,
7] have stimulated extensive experimental[8–12] and
theoretical[13–21] studies of this effect. Based on the
same physics mechanism, a pure spin current can gen-
erate a transverse charge current. Such an inverse spin
Hall effect has also been proposed[2] and experimentally
observed.[10, 22, 23] It provides an electrical method to
detect spin current, which is also important for spintron-
ics.
Despite these extensive efforts, a fundamental ques-
tion of the spin Hall effect is still open: what are the
mechanisms of the effect. When originally proposed,
the effect was based on spin-dependent scattering be-
tween electrons and impurities.[1–3] This is now referred
to as an extrinsic spin Hall effect. The intrinsic spin
Hall effect that does not rely on scattering has also been
proposed.[4, 5, 24, 25] Most reported experimental obser-
vations were performed in systems composed of thermal-
ized carriers and were attributed to the extrinsic effect.
An experimental study of the intrinsic spin Hall effect is
of fundamental importance in studies of the spin-orbit
interaction. It is also crucial for nanoscale spintronic de-
vices where the transport is dominated by ballistic pro-
cesses with no scattering.
Previously, one of us, along with co-workers, has
demonstrated that ballistic currents injected optically in
undoped GaAs samples by a quantum interference and
control technique can induce spin Hall currents.[10] Be-
cause of technical limitations, the dynamics of these cur-
rents could not be time-resolved. Since then, we have sig-
nificantly improved the current detection techniques.[26,
27] This allows us to study the generation mechanisms of
the spin Hall currents, and directly observe the intrinsic
inverse spin Hall effect. In the experiments, we instan-
taneously injected a transient ballistic pure spin current
in undoped GaAs multiple-quantum-well samples by a
pair of femtosecond laser pulses through quantum inter-
ference. After injection, the pure spin current decays
due to scattering. By time resolving the decay, we deter-
mined the scattering time. We simultaneously monitored
the dynamics of the generated transverse charge current,
and found that the charge current is established well be-
fore the average time of the first scattering event. Since
the extrinsic effect induced by the spin-dependent scat-
tering can be safely excluded in this process, the intrinsic
effect is unambiguously observed.
We studied three undoped GaAs/Al0.3Ga0.7As
multiple-quantum-well samples with different periods
and quantum-well thicknesses that were grown along the
[001]-direction. Samples A and B contains 40 periods of
7.4 and 10 nm quantum wells, respectively. Sample C
has 20 periods of 14-nm quantum wells. In each sample,
the thicknesses of the barriers and the quantum wells
are equal. In the measurements, the samples are cooled
to 10 K to reduce the phonon absorption rate. We will
first present results from sample A, and then discuss
results from the other two samples.
Figure 1 summarizes our experimental approach. The
sample is simultaneously illuminated by two tightly fo-
cused laser pulses that copropagate along the zˆ-direction
with angular frequencies ω and 2ω, respectively (waves in
Fig. 1A). Electrons can be excited from the valence band
to the conduction band by one-photon absorption of the
180-fs, 750-nm, and yˆ-polarized 2ω pulse and two-photon
absorption of the 100-fs, 1500-nm, and xˆ-polarized ω
pulse (vertical arrows in Fig. 1B). Due to the interfer-
ence of the two transition pathways, electrons with op-
posite spin orientations along zˆ (orange and blue spheres)
are injected to the conduction band with opposite crys-
tal momenta.[28] In real space, spin-up and spin-down
electrons are injected with opposite velocities along xˆ,
resulting in a pure spin current along xˆ (Fig. 1A). In the
measurements, the [100] direction of the sample is along
xˆ, however, the current injection process only weakly de-
pends on the orientation.[28] The average velocity of each
spin system is proportional to cos(∆φ), where ∆φ is the
relative phase between the two transition amplitudes.[28]
This allows control of the spin current density by the
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FIG. 1. The GaAs quantum-well sample is simultaneously
illuminated by two laser pulses with angular frequencies of
ω and 2ω (waves in panels A and B). Quantum interference
between one-photon absorption of the 2ω pulse and the two-
photon absorption of the ω pulse (vertical arrows in panel B)
causes spin-up (orange spheres) and spin-down (blue spheres)
electrons to be excited with opposite wavevectors, forming
a pure spin current along xˆ. Initially, the two spin systems
overlap in space (panel C). After a short period of time, they
separate by a small distance ∆x (panel D), resulting in a
spin density S with a derivativelike profile along xˆ (panel E).
Due to the inverse spin Hall effect, both spin systems move
along yˆ, causing the whole electron density profile (N) to
move a distance ∆y (positive or negative) from the origin.
The resulting electron accumulation ∆N has a derivativelike
profile along yˆ (panel F).
phase, without changing the carrier density. In our ex-
periments, we choose ∆φ = 0 in order to get the maxi-
mum pure spin current injection.
Upon injection, the spatial profiles of the spin-up and
spin-down electrons overlap in space (Fig. 1C). After a
short period of time, the two profiles separate by a dis-
tance ∆x (Fig. 1D). Because of the inverse spin Hall ef-
fect, both profiles are expected to move along yˆ, resulting
in a displacement ∆y from the origin (Fig. 1D). Clearly,
the time evolution of ∆x and ∆y reflects the dynamics of
the pure spin current and the transverse charge current.
We measure ∆x and ∆y by using a differential trans-
mission technique in a derivative detection geometry,
as we have previous described.[10, 26] Figure 1E shows
the spatial profiles of the densities of spin-up (N↑) and
spin-down (N↓) electrons along xˆ. The spin density,
S ≡ N↑−N↓, obviously has a derivativelike profile along
xˆ. The height of this profile, SMAX, is related to the
height and the width of the density profile of one spin
system, NMAX↑ and w, by S
MAX = 1.4(NMAX↑ /w)∆x.[10]
Similarly, Fig. 1F shows the spatial profiles of the to-
tal electron density, N ≡ N↑ + N↓, along yˆ before (dot-
ted line) and after (solid line) the transport. The dif-
ference, ∆N ≡ N(τ) − N(0), which can be viewed as
transport-induced electron accumulation, has a deriva-
tivelike profile along yˆ, with a height related to ∆y in
a similar fashion.[29] Therefore, as we have previously
demonstrated,[10, 29, 30] we can determine ∆x and ∆y
by measuring S and ∆N , even though these transport
distances are much smaller than the direct spatial res-
olution of the system that is defined by the size of the
laser spots.
We start our measurement by acquiring the profile of
N by scanning a probe spot, tuned to the heavy-hole ex-
citonic resonance of sample A (790 nm), in the x−y plane
with a fixed probe delay of 0.5 ps, as shown in Fig. 2A.
Since the two spin systems are injected with opposite
average velocities along xˆ, the profiles of the two spin
systems should separate along xˆ, resulting in a deriva-
tivelike S profile, as illustrated in Fig. 1E. We measure
S as we scan the probe spot along the xˆ-direction with
y = 1 µm (white horizontal line in Fig. 2A). The solid
squares in Fig. 2B show the results, with the expected
derivativelike profile. By comparing S and N , we deduce
that at τ = 0.5 ps, ∆x = 17 nm. The absolute signs of
S and ∆x are ambiguous. Because of the inverse spin
Hall effect, we expect the profile of N to move along yˆ,
resulting in a nonzero ∆N . We measure ∆N as we scan
the probe spot along yˆ with x = 1 µm (white vertical
line in Fig. 2A). The solid circles in Fig. 2E show the
results. The derivativelike profile of ∆N confirms the
charge transport along yˆ. From this profile, we deduce
∆y = 0.3 nm. Since the pump pulses do not inject a
charge current with ∆φ = 0,[10, 28] the charge current
along yˆ is generated by the pure spin current along xˆ
via the inverse spin Hall effect. The simultaneously mea-
sured S has a Gaussian-like profile along yˆ, as shown as
the solid squares in Fig. 2E. This is because the two spin
systems do not separate along yˆ (see Fig. 1), and the
transverse charge current is a pure charge current. Sim-
ilarly, the simultaneously measured ∆N when the probe
is scanned along xˆ has a Gaussian-like profile along xˆ
(solid circles in Fig. 2C).
To resolve the dynamics of these currents, we fix the
probe spot at x = y = 1 µm (white circle in Fig. 2A)
and simultaneously measure S and ∆N as we scan the
probe delay. Figure 2F shows the ∆x (solid squares, left
axis) and ∆y (solid circles, right axis) deduced from the
measured S and ∆N as a function of the probe delay.
The increase of ∆x is caused by the spin transport, and
is slowed down by the scattering. The line over the solid
squares in Fig. 2F shows a fit to the data with a momen-
tum relaxation time of each spin system of 0.45 ps.[30]
The decrease of ∆y after the peak, i.e. the movement
of electrons back towards origin, is caused by the space
charge field of the holes, and has been previously ob-
served when a charge current is optically injected.[29]
The momentum relaxation of each spin system is
caused by scattering events, and therefore the relaxation
time of the pure spin current is determined by the scatter-
ing time. Since the sample is undoped, impurity scatter-
ing is negligible in such an ultrafast process. (In fact,
including the impurity scattering will not change our
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FIG. 2. Panel A shows the profile of the electron density (N)
measured by scanning the probe spot in the x-y plane with a
probe delay of 0.5 ps. The sample temperature is 10 K and
the peak carrier density is 6×1016 cm−3. The spin density (S)
and the electron accumulation (∆N) measured by scanning
the probe spot along the horizontal line shown in panel A are
plotted as the solid squares in panel B and the solid circles in
panel C, respectively. Solid squares and solid circles in panels
D and E show these two quantities measured by scanning the
probe spot along the vertical line shown in panel A. Panel F
shows the deduced ∆x (solid squares) and ∆y (solid circles) as
a function of the probe delay. All the open symbols in panels
B-F show corresponding results obtained with a higher peak
carrier density of 2.4×1017 cm−3
conclusion.) The scattering mechanisms contributing to
the momentum relaxation include electron-hole scatter-
ing, phonon scattering, and scattering between electrons
with opposite spin orientations. Scattering between elec-
trons with the same spin orientation conserves the total
momentum of each spin system, and therefore does not
cause relaxation of the pure spin current. Among these
scattering mechanisms, only the electron-hole scattering
can possibly cause the transverse charge current via the
extrinsic inverse spin Hall effect. Since the relaxation
is caused by the three coexisting scattering mechanisms,
the scattering time of the electron-hole scattering is at
least (most likely longer than) 0.45 ps. Therefore, the
charge current induced by the electron-hole scattering
via the extrinsic inverse spin Hall effect can only be es-
tablished on a time scale longer than 0.45 ps. However,
the simultaneously measured ∆y reaches the maximum
before 0.45 ps. Since the charge current density is pro-
portional to the time-derivative of ∆y, it reaches a peak
even earlier than this. Since the charge current has been
established well before the first scattering event, it can-
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FIG. 3. Panels A and B show measurements of sample B
that correspond to Figs. 2B and 2E, respectively, with a fixed
probe delay of 0.2 ps. Panels C and D corresponds to Fig 2F,
but from samples B and C, respectively, both measured at
x = y = 1 µm. Panel E is the same as panel D but measured
at a different probe position (x = 1, y = −1 µm).
not be due to the extrinsic inverse spin Hall effect.
We repeated the experiment with a higher carrier den-
sity. The S and ∆N measured at a fixed probe delay of
0.25 ps when the probe is scanned along the two white
lines in Fig. 2A are plotted in Figs. 2B-2E as the open
symbols. The time evolution of ∆x and ∆y is shown in
Fig. 2F as the open symbols, as well. The momentum re-
laxation of each spin system is apparently faster, due to
the increased scattering rate between electrons and holes.
We deduce a momentum relaxation time of 0.25 ps. Sim-
ilarly, the charge current is established before that time
scale, confirming the intrinsic nature of the observed in-
verse spin Hall effect.
In order to verify that the observation is not specific
to sample A, we have performed similar measurements in
samples B and C. Here, no attempts were made to sys-
tematically investigate the influence of the sample struc-
ture, due to the complicated current injection and re-
laxation processes in samples with different structures.
Panels A, B and C of Fig. 3 summarized results of sam-
ple B under the same experimental conditions except for
a different carrier density of 9×1016 cm−3 and a different
wavelength of the probe pulse of 795 nm (the heavy-hole
exciton resonance of sample B). The transverse charge
current is observed before the relaxation time of the pure
spin current of 0.25 ps (solid line in Fig. 3C), that is con-
sistent with results of sample A.
Figures 3D and 3E show the results of a similar mea-
4surement of sample C, measured at two probe locations.
With a heavy-hole excitonic resonance of 800 nm, this
sample allows us to tune the ω pulse to 1560 nm. Since
the carriers are excited with an excess energy of 25 meV,
below the optical phonon energy of GaAs (36 meV), op-
tical phonon emission is not allowed. With a carrier den-
sity of 4×1016 cm−3, the relaxation time of the pure spin
current increases to 0.6 ps (solid lines in Figs. 3D and
3E). Clearly, the charge current is generated much earlier
than this time scale. The intrinsic nature of the inverse
spin Hall effect in our experiment is confirmed again.
After the preliminary data of this work have been pre-
sented in a conference,[31] evidence of intrinsic spin Hall
effect was reported.[32] In that work, the ordinary spin
Hall effect in HgTe nanostructures was studied by steady-
state electric measurements. However, the all-optical
time-resolved technique allows us to study the inverse
spin Hall effect in undoped GaAs quantum wells, and to
provide direct dynamical evidence.
In conclusion, we have observed the intrinsic inverse
spin Hall effect in undoped GaAs multiple quantum wells
at 10 K. A transient ballistic pure spin current was in-
jected by a pair of laser pulses through quantum inter-
ference. By time-resolving the dynamics of the pure spin
current, we deduce a momentum relaxation time of each
spin system, which sets the lower limit of the scattering
time between electrons and holes. We simultaneously
time-resolved the transverse charge current generated by
the pure spin current via the inverse spin Hall effect. We
found that the charge current is generated well before
the first scattering event. Since we can safely exclude
the extrinsic inverse spin Hall effect in this scattering-
free ballistic regime,[4, 5, 24, 25, 33] we conclude that
the observed inverse spin Hall effect is intrinsic.
We acknowledge John Prineas for providing us with
high quality GaAs samples and E. Sherman for helpful
discussions. This material is based upon work supported
by the National Science Foundation of USA under Grant
No. DMR-0954486.
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